Two novel porphyrinic compounds, {Zn[TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 ]} n (1) and TCPP(CH 3 ) 4 (2) (TCPP = meso-tetra(4-carboxyphenyl)porphyrin), with the TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 and TCPP(CH 3 ) 4 generated in situ, have been synthesized via a solvothermal reaction and structurally characterized by single-crystal X-ray diffraction. Compound 1 is characteristic of a two-dimensional (2-D) coordination polymer, based on the zinc ion coordinating to four nitrogen atoms and two oxygen atoms. Compound 1 possesses a large void space (220 Å 3 ) corresponding to 4.6% of the unit-cell volume. Compound 2 is characterized by an isolated structure. The reaction mechanism of preparing both compounds was explored. The photoluminescence properties, FT-IR, UV-vis absorption spectra, fluorescence lifetime and fluorescence quantum yield of TCPP were also reported.
INTRODUCTION
An in situ reaction can possibly lead to the formation of a new compound with a novel structure or interesting properties. 1, 2 In situ reactions under solvothermal conditions have recently obtained a lot of attentions and many novel compounds have been synthesized thus far. Porphyrins are one of the most widely studied compounds and the important roles played in nature have been found for several decades. Lots of efforts have been devoted to chemically transform a porphyrin into a derivative with reformative features that may offer it a possibly practical application. Numerous organic groups have so far been used to transform porphyrins by decorating their periphery. However, among which, the esterification of a porphyrin has been rarely reported. TCPP is a large, rigid and square-planar symmetrical molecule with divergent carboxylic groups that could be possibly esterified. Our recent efforts are mainly focusing on the study of porphyrinic compounds, including the in situ reactions of TCPP under solvothermal conditions. We report herein the in situ syntheses, characterization and properties of two novel porphyrinic compounds, {Zn[TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 ]} n (1) and TCPP(CH 3 ) 4 (2) (TCPP = meso-tetra(4-carboxyphenyl)porphyrin). It is noteworthy that the TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 and TCPP(CH 3 ) 4 were generated in situ. The photoluminescence properties, FT-IR, UV-vis absorption spectra, fluorescence lifetime, and fluorescence quantum yield of TCPP are also reported in this work.
EXPERIMENTAL
All reactants of analytical reagent grade quality are obtained commercially and used without further purification. FT-IR spectrum is performed with a KBr disc in the range of 400-4000 cm −1 on a PE Spectrum-One spectrometer. The photoluminescent spectra are carried out at room temperature using solidstate samples on a JY FluoroMax-3 spectrometer. The UV-vis absorption spectroscopies were conducted at room temperature on a computer-controlled Hewlett Packard 89090A UV-vis spectrometer with the wavelength range of 190-1100 nm. Measurements of emission quantum yield of powdered samples were carried out on a Hamamatsu C9920-0X(PMA-12) U6039-05 fluorescence spectrofluorometer. Fluorescence lifetime measurements were carried out using a Photon Technology International GL-3300 nitrogen laser. After cooling slowly the mixture to room temperature at 6 K/h, red crystals suitable for X-ray analysis were obtained.
Synthesis and characterization of TCPP(CH 3 ) 4 (2):
Compound 2 was synthesized by loading TCPP (0.1 mmol, 79.0 mg) and 15 mL methanol into a 25 mL Teflon-lined stainless steel autoclave and heating the autoclave at 443 K for 7 days. After cooling slowly the mixture to room temperature at 6 K/h, red crystals suitable for X-ray analysis were collected.
X-ray crystal structure determination: The intensity data set was collected on a Rigaku Mercury CCD X-ray diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) by using an ω scan technique. CrystalClear software was used for data reduction and empirical absorption corrections.
14 The structures were solved by the direct method using the Siemens SHELXTL TM Version 5 package of crystallographic software. 15 The difference Fourier maps based on these atomic positions yield the other non-hydrogen atoms. The hydrogen atom positions were generated theoretically and allowed to ride on their respective parent atoms and included in the structure factor calculations with assigned isotropic thermal parameters but were not refined. The structures were refined using a full-matrix least-squares refinement on F 2 . All atoms were refined anisotropically. A summary of crystallographic data and structure analysis is listed in Table 1 , and selected bond distances and bond angles for compound 1 are given in Table 2 . Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Centre, CCDC No. 893021 (1) and 1474473 (2) . Copies of this information may be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge, CBZ 1EZ, UK (Fax: +44-1223-336033; email: deposit@ccdc. cam.ac.uk or www:http://www.ccdc. cam.ac.uk).
RESULTS AND DISCUSSION
The raw material is TCPP, but TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 and TCPP(CH 3 ) 4 exists in compounds 1 and 2, respectively. This suggests that in situ reactions have occurred under solvothermal environments. Single-crystal X-ray diffraction analysis reveals that compound 1 is characteristic of a 2-D structure, containing neutral {Zn[TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 ]} n layers. Compound 1 crystallizes in the space group C2/c of the monoclinic system with four formula units in a cell. All crystallographic independent atoms, except for zinc, are in general positions. An ORTEP drawing of 1 with 30% thermal ellipsoids is shown in Fig. 1 . Table 2 . Selected bond lengths (Å) and bond angles (°) for compound 1. The macrocyclic core 24-membered ring of TCPP is nearly coplanar and the displacement of the atoms in the equatorial mean plane is within ±0.087 Å. The six-coordinated zinc ion resides at the center of the almost coplanar porphyrin macrocycle, coordinating with four nitrogen atoms and two oxygen atoms to form a slightly distorted octahedron (Fig. 1) . The bond distances of Zn-N are from 1.975(3) Å to 2.010(3) Å with an average value of 1.993(3) Å, which is comparable with that reported in the literature. 16, 17 The bond lengths of Zn-O is 2.628(2) Å which is close to those documented previously. 18 The result of bond valence calculation shows that the zinc ion has a +2 oxidation state [Zn (1) It should be pointed out that compound 1 displays a large void space being 220 Å 3 that is 4.6% of the unit-cell volume, as shown in Fig. 3 . There is not necessary to incorporate any counter anions into the large voids of compound 1 because the charge keeps balance. To our knowledge, up to date only some complexes with both TCPP and ester groups have been reported and for many cases the ester groups came from the starting reagents. 19, 20 In order to reveal the reaction mechanism of preparing compound 1, we put forward the following logical process: firstly, the TCPP underwent a deprotonation step, then a metalation procedure, finally esterification (Scheme 1). It is noteworthy that compound 1 is the first example of porphyrins esterified with ethanol and methanol at the same time. This work offers an effective method to the esterification of a porphyrin.
Scheme 1.
A schematic diagram for the reaction mechanism of 1.
Single-crystal X-ray diffraction analysis discovers that compound 2 is characteristic of an isolated structure, consisting of neutral TCPP(CH 3 ) 4 molecules. Compound 2 crystallizes in the space group P2 1 /c of the monoclinic system with two formula units in one cell. All the crystallographic independent atoms locate at general position. An ORTEP drawing of 2 with 30% thermal ellipsoids is shown in Fig. 4 . The macrocyclic core 24-membered ring of TCPP is almost coplanar and the displacement of the atoms in the equatorial mean plane is in the range of -0.035 Å -+0.035 Å. The phenyl groups are not perpendicular to the 24-membered macrocycle. The dihedral angles between the macrocycle and the phenyl groups are 60.84º and 67.72º, respectively. The TCPP(CH 3 ) 4 molecules are solidified by van der Waals interaction to give a crystal packing structure, as shown in Fig. 5 .
The FT-IR spectrum of TCPP shows that the bands mainly locate in the range of 700-1700 cm -1 , as shown in Fig. 6 . The vibration bands at ~3318 cm -1 and ~964 cm -1 are attributed to the ν N-H and δ N-H vibrations of pyrrole rings. These two bands suggest that the nitrogen atoms are non-coordinated, which is in good agreement with the crystal structure. The strong vibration bands residing at around 1605 cm -1 and 1404 cm -1 are assigned to the asymmetric and symmetric stretching vibration of the carboxylate group. The reaction mechanism of preparing compound 2 is similar to that of compound 1, as presented in Scheme 2.
Scheme 2.
A schematic diagram for the reaction mechanism of 2. Fig. 6 . FT-IR spectrum of TCPP. Fig. 7 displays the UV-vis absorption spectrum of TCPP measured at room temperature. To our knowledge, porphyrinic compounds can generally display two kinds of absorption bands, i.e. one intensive Soret band (B band) at ~400 nm and several weaker Q bands at around 500-650 nm. The Soret band of TCPP is found at 416 nm, while its Q-bands are observed at 512, 546, 590 and 645 nm. The number of Q bands is four which is larger than two, indicating that the nitrogen atoms are non-coordinated, which is also in good agreement with the crystal structure. Generally, solid-state porphyrinic compounds do not exhibit photoluminescence due to the concentration quenching effect. However, if porphyrinic compounds were dissolved in solution, they can usually display bright red emission. The photoluminescence spectra of TCPP measured in ethanol at room temperature are presented in Fig. 8 . The photoluminescence spectra reveal that the effective energy absorption is mainly resided in the wavelength region of 400-600 nm. The excitation spectrum under the emission of 650 nm shows four bands at 432, 519, 548 and 589 nm. We also measured the corresponding emission spectrum with the use of an excitation wavelength of 589 nm. We find that the emission spectrum displays a strong emission band at 650 nm with a shoulder peak at 710 nm. The photoluminescence quantum yield of TCPP in ethanol was determined to be 0.044. By using a time-correlated single photon counting technique, the fluorescence lifetime in ethanol was performed upon the excitation wavelength of 421 nm. The decay of the singlet-excited states was fitted as single exponential, from which the fluorescence lifetime of TCPP is 0.17 ns. 
CONCLUSIONS
In conclusion, two novel porphyrinic compounds, {Zn[TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 ]} n (1) and TCPP(CH 3 ) 4 (2) (TCPP = meso-tetra(4-carboxyphenyl)porphyrin), with the TCPP(CH 2 CH 3 ) 2 (CH 3 ) 2 and TCPP(CH 3 ) 4 generated in situ, have been synthesized and characterized. Compound 1 is characteristic of a 2-D coordination polymer, based on the zinc ion coordinating to four nitrogen atoms and two oxygen atoms. Compound 1 possesses a large void space (220 Å 3 ). Compound 2 is characterized by an isolated structure. The reaction mechanism of preparing both compounds was explored. The photoluminescence properties, FT-IR, UV-vis absorption spectra, fluorescence lifetime and fluorescence quantum yield of TCPP were also reported in this paper. To gain deeper insight into the synthetic methodology, future study in our laboratory will aim at preparing novel porphyrinic compounds.
